Recent analog design tools have started to allow designers to archive not only the sized schematics but also some of the objectives that the circuit is trying to achieve. This paper first describes STAR (Schematic Tool for Analog Reuse), a system that captures designer's knowledge as part of the archival circuit representation, and then describes how ttus system can be used to create portable design modules. Creating portable analog modules require more than just the optimization criteria for the cell. It must also include the constraints on the cell's environment (for proper operation), and how these constraints should scale with technology. Furthermore, the system must help the designer in the current task of creating the design, since it is rare that a designer thinks about creating IP for someone else. We demonstrate the capability and utility of this system by examining the reuse of a phase-locked loop.
INTRODUCTION
Analog circuit design is usually a repetitive process iterating between circuit synthesis and design verification. During circuit synthesis, the designer chooses a circuit topology, formulates analytic equations, and then adjusts transistor sizes as the result of local op timizations. Tightly coupled to the synthesis process is design "erification which ensures that under all conditions the circuit meets the performance envelop set by the target application. Typically, the design verification is accomplished throughusing a circuit simulator like SPICE [I] , or one of its derivatives. Running a circuit simulation requires three kinds of input -the circuit to be simulated, which is normally a sized circuit schematic, the simulation control file, which is the description of what inputs should be applied to the circuit, and the measurement file, which is the description of what data should be collected and how it should be analyzed. The algorithms implemented by these pre-and post-processing runs contain the implicit optimization goals and heuristics that capture the designer's thought process and are a critical part of the design record.
Often these additional files are lost. 01 poorly documented, so when another designer attempts to reuse this design, shehe needs to reconstruct what the critical design issues are and then recreate the control and measurement files. The net result is that designs get more brittle with time, as information about the original issues is lost.
Recently there have been a number of tools that attempt to help automate this analog design process, allowing the designer to state some of the optimization objectives at a higher level and automatically generate some of the simulation control and measurement files that are needed. In fact some of the recent tools use sophisticated optimization engines to automate the designlvalidate loop. While these tools help with the documentation problem, by allowing the user to specify some of the design objectives at a higher Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee providcd lhat copies are not made or distributed for profit or ~o m m e r~i a l advanlage and thal copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to pest on servers or to redistribute to lists, requires prior specific permission andlura fee. ICCAD'O3, November [11] [12] [13] 2003 . Sanlase,Califomia,USA.
Copyright2003 ACM 1-581 13-762-11031001 I ... $5.00. level. they address only some of the issues with design reuse.
This paper describes an annotated schematic capture system that focuses on the design reuse problem First, like some of the newer analog design tools, it integrates into the schematic capture system amethod of specifyingthe desired circuit's optimization objectives.
In ad&tion. this tool allows the user to specify constraints on the circuit as well. These constraints are checked every time the circuit is used, and any violations are reported to the user. The support for optimization and constraints in this tool is extensible -the user can easily add new types of constraints of optimization goals. Using ttus system we explore how to code circuits to make them portable, and how to encourage designers to create circuits in ttus fom.
We use a phase-locked-loop (PLL) design as a concrete example of analoghixed signal design, so the next section briefly reviews PLL design, and some of the important issues that need to be addressed. Section 3 describes some of the current systems for allowing a designer to enter higher-level constraints on a schematic. We leverage these ideas lo create a more flexible system, STAR, which is described in Section 4. This system introduces the notion of "active comments", wluch are schematic annotations wluch control simulation tiles. The active comments are broken into two main forms -measurement comments, which are similar to other integrated systems, and constraint comments, which are lie assertions in normal programs. Unfortunately. building a circuit with active comments does not make it portable. Section 5 addresses these issues, and gives some guidelines for creating robust portable modules. These issues are explored in a PLL design, and portable and non-portable active comments are shown. Section 6 describes the results of using STAR to help port and re-optimize this PLL design. While not perfect. our overall approach seems promising, Section 7 summaties the advantages of our approach and issues that still need to be resolved in future systems.
PLLDESIGN
Phase-locked loops (PLL) are often found on contemporary digital and mixed-signal VLSI systems. For example, PLLs are used as clock generators in all the microprocessors designed today and as clock recovery circuits in many VO subsystems. The main goal of a PLL is to create an intemal clock with precise timing relations relative to an extemal reference. This is usually accomplished by using a feedback system to compensate for process, voltage and temperature (PVT) variations. Wiule there are many design objectives for a PLL, the primary ones usually focus on the quality of the generated clock, specifically, phase offset and jitter. Phase offset is the " D C error in the timing of the output clock and jitter i s the "AC" phase noise. Many circuit parameters affect phase offset and jitter. and we design the circuits to minimize their effects. Since jitter is often dominated by power supply coupling into the voltage controlled oscillator (VCO), this design uses a regulator to both control the oscillation frequency and to isolate power supply noise. The VCO is composed of two coupled five-stage inverter rings to generate differential multi-phase clocks. Following the VCO is n two-stage amplifier that converts the lowswing VCO output to full CMOS levels. The programmable divider outputs a pulse that fully overlaps the high phase of the VCO clock to qualify the clock when the number of rising clock edges reaches the divide value. The clock buffers after the qualifying NAND gate complete the clock feedback path. The phase-frequency detector (PFD) compares the feedback clock and the reference clock and controls the charge-pump to dump either positive or negative charge onto the capacitor. The matching of delay between the clock buffers and buffers in the feedback path is critical for low phase offset, as is the design of the PFD.
Finally. since a PLL is a feedback system, we need to ensure that the loop is stable. This loop has two poles at the origin: one is the integrator at the output of the charge pump, and the other arises in the VCO (the loop measures the output phase of the VCO, but controls its frequency). To make the loop stable, we add a zero to the loop filter by adding a series resistor. To achieve a wide operating range, this stabilizing zeru must not only compensate for the PVT variations but also track the operating frequency. The PMOS transistor in series with the loop capacitor implements the proportional control (stabilizing zero). The PMOS resistor is biased with Vctrl to allow the loop dynamics to track across a wide operating frequency (31.
RELATED WORK
Many CAD tools have been developed that address a part of the analog design problem. Recent design capture tools take a more integrated approach to the design process. The Synopsys CosmosSE [4] merges the schematic capture tool, the circuit simulator, and the results analyzer into one environment to allow the designers to specify the stimuli and the analysis routines directly in the schematics. The Cadence Analog Design Environment[S] extends this approach by providing an interactive circuit simulation environment and a scripting language to make it easier to specify the pre-and post-processing routines. The designers can use prebuilt measurements to construct their own. The Agilent ADS[6] extends this integrated approach even further by allowing the usel to cascade the measurements from different schematics. These design capture systems make it easier to specify the pre-and postprocessing routines. However, when these circuits are instantiated in a higher level of the design hierarchy, only the circuit topology and sizes are propagated to the top level, but not the checks. Con- sequently, some of the knowledge that we are trying to capture is lost. We want to design analog circuits and encapsulate the design information as part of the circuit representation such that the circuit becomes a portable module. We built a design capture system to make it easier for a designer to encode constraints for a new circuit, one which the tool and tool's designer had not seen before. From the capture tools, we leverage the notion of an integrated design document, but we loosen the requirement of having an integrated tool set. We extended the scripting approach to provide a more generalize way to specify the pre-and post-processing routines. The user specifies these routines directly on the schematic as comments. We found these annotations generally fall under two classes. One is the traditional optirmzation/measurement comments, and the other represent constraints on operating conditions. We describe our system in the next section.
STAR
A widely used approach for annotating an analog design is to add comments to the schematics to clarify the designer's intention. One problem with writing these comments is that once they are written they are not always updated to reflect the latest implementation. Our approach to address this problem is to make the comments part of the implementation. In the context of analog design process, we would like to turn these comments in the schematics into executables to automate the generation of simulation and data collection scripts. Tnis way, in addition to annotating the design, these comments also aid the designers in doing their tasks, thereby offering incentives to the designers to use these comments. We call these comments Active Comments.
The basic operation of the Active Comments is illustrated in Fig. 2 . The designer adds the comments into the circuit schematic.
These comments are composed of predefined functions frum a library, and an execution engine processes these comments to generate the necessary routines. Our goal is to create a flexible library which can be extended by user specified functions. These user supplied extensions can then be archived along with the annotated schematic, enabling design reuse. categorized into two types: Measurements and Assertions. A Measurement Comment sets up the simulation runs and measures the circuit parameters. It also allows the user to formulate analyticd expression and evaluate the expression based on the simulation results. An Assertion Comment monitors the simulation outputs to prevent the circuits from operating outside the constraints. The following sections will describe these two types of comments in more detail.
The Active Comments in our developed framework can be broadly convex optimization [7] [8], the analog circuits objectives and constraints must be in a specific form for the optimization to work. This task is currently done by experts within the vendor company.
While simulation based optimization, 191, [IO] , Ill] and [IZ]. can handle more general constraints, care is still required in the Foblem setup. Similar to STAR, these synthesis tools also capture the designer's knowledge in some way in order to optimize the cucuit. However, the objective of the synthesis tools is to generate optimally sized circuits, while we focus on finding ways to make it easier for designers to create the simulation and analysis procedures to simplify the measurement of circuit parameters. As a result, our system is less powerful hut can be more easily used to capture different classes of circuits. Thus our plan is to integrate these synthesis tools into our system to create more powerful library operations that the designer can use, in additional to the simpleroperations we have already implemented. For established blocks, there might he one optimizelmeasure comment that essentially generates the entire circuit.
Assertions
In addition to optimizing the circuit parameters. a designer must also check that circuit components always satisfy their operating constraints. For example, transistors acting as current sowces need to be in the saturation region, noise on the VCOs bias voltage should be minimized, and delay matching circuits must maintain certain timing margin.
While designing each component, the circuit designer must guarantee that the component functions correctly under the worst passible simulation comer. However, as each component is integrated into different parts of [he system, some of the assumptions about the operating conmtions might he violated. As a result. all the checks must propagate from the component level to each instance of this component in the design. The purpose of embedding the assertion comments in the design is to tie the operating constraints to the design itself. So, the designer only needs to embed the checks on the properties of interest, and these assertions will monitor all the properties in all the simulations, across the system hierarchy.
An example of an assertion is the saturation margin check. Monitoring the saturation margin of a current source can wam the designer when the transistor is about to leave the saturation region. Embedding assertions in every simulation can wam the user when margins are violated and prevent the circuit from operating outside the designed limits. This check can spot errors that are missed when only functionality is tested. Often when the constraints are violated, the circuit will still function but with reduced robustness. These checks guarantee that all circuits are operating within the conditions for which they are valid. An added benefit of coupling the Using Measurement Comments allows adesigner to specify simulation runs and analysis routines in the circuit's schematic representation. Furthermore, it encourages the simulation scripts to be up-to-date with the circuit implementation since the designer is actively using these scripts. To provide further incentives, regression tests could be run on all circuits as part of the design to find stale files. Finally, circuit schematics convey relevant design information which other design tools might be able to leverage.
In fact the new analog synthesis tools would provide an addition capability for the Measurement Comments, since they automate the sizing of tcansistors in a given analog circuit by performing complicated multi-variable optimizations. The downside to these powerful tools is that the interface is more complex, making it harder for designerlusers to add new optimization scripts. For example in Figure 4 : Layering of the Prototype Twl assertion with the design is that it enables seamless design reuse: when the block is integrated as part of a system by another designer, the same set of checks will he performed automatically.
Prototype Implementation
The prototype tool is composed of four layers, as shown in Fig. 4 . The top-most layer, the schematic layer, implements the schematic user interface written in TcLTk whle the middle two layers form the library and the execution engine written in Perl. The primitive layer contains C code optimized for the calculation intensive data processing routines.
Typically, the circuit designers interface only with the schematic and the library layers. For our prototype, we modified a public domain schematic tool, SUE[13], which is written in TclfR We found that the whle these Active Comments may be easily parsed by a computer program, they require some annotation to clarify their intentions to the other circuit designers. Adding detailed description to each Active Comment in the schematic is prohibitive as it may fill the schematic with text. To address this, we created a new view, comments view, in addition to the typical schematic and iconic views. This view can he edited using a Comments Editor and with it, the user can not only code the Active Comments for the underlying schematic hut also enter detailed description about these comments. This way, the comments view becomes alive document for the schematic as the circuit evolves.
In addition to the schematic layer, the designer also interfaces with the library layer. This layer is designed to be flexible and extensible because when the designer creates a new circuit, ones which the tool and tool's designer had not seen before, shehe may need to use functions that are not available in the default library. Consequently, the layer is designed to enable the users to add their own functions to private libraries in the local work area to extend or override the default functions provided by the tool distribution. In a large design group there may he a number of designers each with herhis own function library. In order to avoid conflicting function names, we need to manage the name space of the user provided functions similar to how the schematic names are managed (e.g., prepeoding unique project and module names to the function name). With the user-provided functions, the design knowledge is split between the schematic and the local function library. Therefore, the designers must check-in both the circuit schematics and the supporting library as pad of the archival process.
The functions stored in the library may change depending on the class of circuits being designed. For the type of circuits used to build a phase-locked loop, we were able to constmct all the functions needed for our Active Comments based on the set of functions listed in Table 1 .
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Findslope, RunningAvg I resistance, and gate capacitance I Access raw simulation output 1 Process OutDut waveforms to find the delav. Figure 5 : PFD-Charge-pump Diagram currents while minimizing the current pulse widths to reduce the effect of current mismatches. To achieve this, a charge-pump often has tuned delay-matching inverter chains to shape the up and down control signals. However, if the up and down pulses from the PFD are to^ narrow, they will disappear in the inverter chains because of the limited bandwidth of the inverters. From simulation, we found that if the pulse width is less than SOGps, then the pulses will disappear in the inverter chain under some process comers. To ensure the pulses are wide enough. we constrain the pulse width to be at least 5OOps as follows:
PFD

ChirgePump
#ASSERT PulseWidth(up) <= 5OOps
While the 5GQps constraint correctly bounds the pulse width for the up and down control signals for the 0.35pm technology, that value is too wide for technologies with finer geometries. To improve the scalability of this assertion, we normalize the pulse width to the delay of a fanout-of-four (F04) inverter. and transform the constraint to he 3*F04
#ASSERT PulseWidth(up) <= 3*F04
Recoding this assertion using gate delays reduces the its dependency on the process technology and thus improves the scalability of the comment. We can update the value of these metrics as part of the technology calibration step.
By examining what the comment is trying to constrain, we may be able to further refine it. It would be hest if we can constrain the circuit using its inherent properties. In this example, we are interested in making sure that if there is a pulse at the input of the inverter chain, a pulse appears at the output of the chain. Taking advantage of the fact that the PLL is periodic, we can tun the constraint into checking for a pulse at the output when there is a pulse at the input:
By looking for the existence of pulses, the assertion now checks exactly that the circuit is designed to do -propagate pulses through the inverter chain. Coding the comment this way not only offers more insight to the circuit's intended function. hut also make the constrint completely independent of the process technology.
Transforming the constraint from absolute value to relative value usually can he done hy normalizing the ahsolute values to a process independent metric. However, recasting the constraint from a relative value to using circuit properties requires a good understanding of the underlying circuit. It may be unreasonable to expect the designer who designed the original circuit to write all the Active Comments in the scalable form. However with the capability of our tool, we expect other designers to continue to refine the comments as they reuse the designs. Over time, with better understandings of the circuit, the designers can rewrite the comments to be more intrinsic to the underlying circuit, and therefore making the design representation more robust and scalable. To encourage the designers to move along this path, we can enlist the help of other experts to reformulate the constraints as part of the design review process.
RESULTS
We wanted to reuse our example PLL as as a building block to synchronize the data transmission and to recover the clock and data in an optical transceiver testchip, fabricated in a 0.25pm process. In addition to porting our PLL from 0.35pm to 0.25pm. we also needed to increase the maximum operating frequency while retain- Figure 6 Tracking of PLL Loop Dynamics ing a wide operating range. All the analog circuits need to be reoptimized. In the original design, not all of the Active Comments where written in the scalable form. In order to use the existing Active Comments to guide the porting process, all the absolute constraints were recoded to be more scalable. We were able to constrain many of the comments using the circuit's properties as a result of our imprdved understanding of the design.
Our primary objective in designing the PLL is to reduce jitter and static phase offset. To have small jitter, the PLL needs to have an over-damped response to minimize noise amplification, and a h g h loop handwidth to minimize noise accumulation. In terms of the standard loop parameters, this means that the damping factor C should he greater than 0.7 and the loop bandwidth wn should be close to its theoretical maximum of 10% of the reference frequency.
For our example PLL, 6 and wn can be expressed as[14]:
Since each term in the loop dynamics equations is implemented by a different suh-hlock in the PLL, we used the Measurement Comments embedded in each block to find the circuit parameters in the sub-circuit, then evaluated the damping factor and loop bandwidth equations at the system level to help guide our optimization decisions. Fig. 6 shows the resulting loop dynamics tracking across the operating range with 5 always being above 0.7 and wn being close to its theoretical maximum.
In addition to automatically measuring and evaluating the critical circuit parameters, STAR is also used to monitor the circuit performance in the background. The tool uncovered a hidden error in the lower hierarchy that causes a static phase error between the internal clock and the external reference. Fig. l a shows the feedback clock aligned with the reference clock at the PFD input. From these waveforms, one would expect that the PLL is working properly, and all the sub-circuits are performing within the specification. However, the tool found a few assenion failures in the divider. These failures were caused by the logic in the divider not meeting setup time. As a result, the en signal (shown in Fig. 1) is pushed out and arrives after the rising edge of the clock, ck, that it is suppose to qualify, as shown in Fig. 7b . Consequently, there is a static phase error between the internal clock and the reference clock. While the PLL is still functional despite this enor, the design margin is nevertheless reduced. Uncovering this error made the ported design more robust. Using STAR, we are able to successfully port and reuse this PLL design. Simulation results indicate that the operating range of the final PLL is 125-1000MHe. At at 800MHe VCO frequency and N 4 , the final design achieves a period jitter of 20ps and peak to peak jitter of < 8Ops with 10% step on the power supply. Tlme (s)
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Figure I: Hidden Errors
Reuse of analog circuits requires the archival representation to he more than just the circuit topology and sizes. The representation must include some design knowledge about how the circuit was designed and what constraints were assumed when the device was simulated. We need to check these constraints not only when designing the circuit in isolation, but also for each instance of the circuit where it is used.
We created a system that addresses many of these issues using Active Comments. Tnis system is flexible enough to allow the designers to easily extend it to capture the constraints of new designs. We were able to capture our PLL using a combination of ten base functions.
The key additional requirement for making reusable blocks is that the metrics in Active Comments should be coded in a process independent way, preferably by using the inherent properties of the underlying circuit. While currently this approach requires some additional thought, we hope if systems like this become more common, designers will become more comfortable with it, and start coding this way naturally.
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